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Abstract. Far infrared measurements from the IRAS survey combined with estimates 
of the molecular gas content provide a fundamental basis for the analysis of the starburst 
phenomena in galaxies. When t he ratio of far infrared luminosity to molecular gas mass 
significantly exceeds that in normal galaxies like the Milky Way (4 L0 M0- 1), star 
formation is occurring on a shorter timescale, possibly with an initial mass function 
biased towards high mass stars. In the highest luminosity IRAS galaxies (LI R 2:1011 
L0 ), the luminosity to Ht mass ratio is typically 40 L0 M0 -l, indicating star formation 
rates of 10- 100 M0 yr- and cycling times for the ISM much less than 109 yr. 
In the very luminous infrared galaxies, the optical morphology almost invariably 
shows evidence of a strong galactic interaction and a substantia l fraction of the total 
molecular gas content is seen at radii ~ 1 kpc. Dense molecula r gas probably plays a 
pivotal role in the evolution of such dynamically disturbed systems: being dissipa tive, 
the gas can readily sink to the center of the interacting system where it may fuel a 
nuclear starburst and/o r build up and fuel a central active nucleus. We show that 
the shape of the high luminosity end of the infrared galaxy luminosity function can 
be reproduced by a model in which normal spiral galaxies, represented in the Schecter 
function, undergo collision-induced starbursts. Statistics from the IRAS survey are con-
sistent with the percentage of all spira l galaxies currently undergoing a global starburst 
being approximately 0.2% and the lifetime of the starburs t being a dynamical time, 
approximately 2x l08 years. The present epoch rate is therefore such that 2% of all 
galaxies participate in a merger every 109 years and with standard cosmological evolu-
t ion, nearly all galaxies would be undergoing such merger-induced starbursts at z= 1. 
Galactic merging and starburst activity must therefore play a central role in galacti c 
evolut ion. 
234 Nick Scoville and B. T. Soifer 
1. STARBURSTS 
Starbursts come in two flavors-the formation of stars with a higher efficiency per 
unit mass of interstellar gas (resulting in rapid exhausion of the interstellar medium) 
or the formation of stars with an ini tial mass function more heavily weighted towards 
high mass stars than in normal galaxies like the Milky Way. Both forms of starbursts 
will result in a luminosity-to-interstellar gas mass ratio significantly exceeding t hat of 
normal galaxies. It is therefore useful to use the observed total luminosity-to-mass 
ratios as an operational signature (and definition) of global starbursts. 
Inasmuch as the dust in star forming molecular clouds will significantly a ttenuate 
the visible and ultraviolet light from the young stars, re-radiating it in the infrared, 
the infrared luminosity is a more reliable probe of the star formation rate than optical 
indicators such as the short wavelength continuum or the emission lines from ionized 
gas. The IRAS survey has provided a fundamental database for the study of complete 
samples of starburst galaxies and the estimation of their total luminosities. Follow-
up optical and near infrared imaging of the infrared galaxies has been most useful in 
provided sufficient spatial resolution to detail the morphology of the starburst and the 
host galaxy systems. In the most luminous infrared galaxies, the dominant neutra l 
interstellar medium component is molecular rather than atomic gas and single dish 
CO data have been used for estimation of the total gas content. Approximately 25 of 
the luminous infrared galaxies have been mapped at high resolution using millimeter-
wave interferometers in order to delineate the spatial distribution of the gas and its 
kinematics. 
In this contribution, we use a 60µm flux limited galaxy sample from the IRAS survey 
as the basis for a discussion of starburst phenomena. In §2, the infrared luminosity 
function of galaxies is characterized, followed by a review of results for the global 
H2 content and CO aperture synthesis for a sample of these galaxies . Arp 220 is then 
described in some detail as an example of the ext reme merger-induced starburst galaxies 
(§3). In §4, we discuss the role of dynamical perturbations in init iating the starburst 
and present an empirical starburst model. The statistics of galactic interactions and 
the frequency of infrared starburst galaxies are analyzed in §5. A brief summary of our 
conclusions is provided in §6. 
2. LUMINOUS INFRARED GALAXIES 
A spectacular result of the IRAS survey was the discovery and recognition of a class 
of luminous galaxies emitting t he bulk of their energy at far infrared wavelengths (Soifer 
et al. 1984). Soifer et al. (1987) showed that the infrared luminous galaxies are the dom-
inant population in the local universe (z~O.l) at luminosities greater than 3x1011 L0 
and at luminosities greater than 1012 L0, the ultraluminous IRAS galaxies outnumber 
optically selected quasars 2: 1. The luminous infrared galaxies are also extraordinarily 
rich in molecular gas with H2 masses in the range 2- 60x 109 M0 (Sanders et al. 1986, 
1990)- 1-20 times that of the Milky Way. Although the high luminosity (1011 - 1012 
L0) and ultra luminous (~10 12 L0) galaxies all have large masses of molecular gas, their 
gas contents are less elevated than the luminosities, relative to those of normal galaxies 
like the Milky Way. It is therefore clear that these objects are not simply scaled up, 
more massive versions, of normal spiral galaxies, but that they represent a transitory 
phase in the evolution of galaxies. 
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2.1. Infrared Luminosity Function of Galaxies 
The IRAS Bright Galaxy sample (Soifer et al. 1987, 1989) is a statistically complete 
sample of 313 objects, designed to meet the following criteria: it is a complete flux-
limited sample with 60 µm flux densities > 5.2 Jy, galactic latitude > 30°, and accessible 
to northern ~emi~phere telescop.es. 1:he galaxi~s r~nge in distance from 0.6-300 Mfc 
and the median distance, excludmg V1rgo galaxies, 1s 32 Mpc (H0 =75 km s-
1 Mpc- ). 
T he Virgo cluster provides a 10% contribution to the Bri~ht Galaxy sample. The range 
of far infrared luminosities for galaxies in the sample is 10 -2x 10 12 L0 wi th the median 
at "'2x 1010 L0· A similar distribution was found in a sample of galaxies studied by 
Lawrence et al. (1986). 
In Figure 1, the luminosity function for IRAS galaxies in the bright galaxy sur-
vey is compared with those of normal optical galaxies, optically identified starburst 
galaxies, Seyfert galaxies, and quasars (Soifer et al. 1987). The infrared luminosi ty 
function* shown in Figure 1 is in good agreement with those de termined independent ly 
by Lawrence et al. (1986), Rieke and Lebofsky (1986), Smith et al. (1987) and Yahil 
et al. (1990) . At luminosities below 3x 1011 L0 , the normal galaxy luminosi ty function 
represented by the Schechter function exceeds the infrared galaxy luminosity function 
but at higher luminosities, the space density of infrared galaxies is much greater th an 
that of normal galaxies . It is also apparent from Figure 1 that the space densi ty of in-
frared galaxies exceeds the space densities of t he optically identified starburst galaxies, 
Seyfert galaxies, and quasars at luminosities above 109 L0 . 
The normal galaxy luminosity function can be represented analy tically by 
(1) 
wh ere L*0 =2. 75x1010 L0 . The infrared galaxy luminosity function is fit by a 2-part 
power law: 
( 
L )-1.6 dL 
N1(L)dL = 1.1 x 10-3 [. -. 
*l L*z 
(2a) 
= 1.1 x 10-3 - -( 
L ) - 3.3 dL 
L.i L*i 
(2b) 
where L*i=2.5x 1010 L0 . [Equations (1) and (2) a re t he luminosity functions per li near 
interval in L; they differ from the logarithmic luminosity functions in Figure ( 1) by a 
factor L - l. J These expressions will be used in §5.1 for a discussion of the frequency of 
starburst and interacting galaxies. 
2.2. Molecular Gas Contents 
We have recently completed a comprehensive su rvey of CO emission from lumi-
nous infrared galaxies [Lrn (8-1000 µm) >2x l010 L0] in order to determine the total 
masses of molecular gas. The majority of objects were selected from the IRAS bright 
* In this discussion, the infrared luminosity is the >-=40-1000 /tm luminosity in units 
of solar bolometric lum inosity (3.83x1033 e rgs sec- 1 ). 
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Figure 1. Luminosity function of a variety of classes of extragalactic sources, norm al-
ized to same Hubble constant (H0 =75 km s-
1 Mpc- 1) and plotted in units of bolometric 
luminosity (Soifer et al. 1987) . Filled and open circles represent the fa r- inf rared lumi-
nosity function derived for the IRAS Bright Galaxy sample, including and exluding the 
Virgo cluster respectively. The solid curve is an analytical fit (Equation 1) to normal 
galaxy luminosity function (Schechter 1976) that agrees with many observed luminosity 
functions (Felton 1977); crosses represent optically selected starburst galaxies, and plus 
signs optically selected Seyfert galaxies, both taken from Huchra ( 1977). Open diamonds 
represent optically selected quasars (Schmidt and Green 1983). Straight lines represent 
a fit of two power laws to bright galaxy luminosity function excluding Virgo galaxies 
(Equation 2). 
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Figure 2. The infrared luminosity (>.. =8- 1000 µ m) is shown as a function of the global 
molecular gas mass for a sample of 89 bright infrared galaxies {•;Sanders, Scoville, and 
Soifer 1990; Tinney et al. 1990). Comparable data are also shown for the Milky Way 
and M51. 
galaxy sample (§2.1) with a few additional objects taken from an extension of the sam-
ple to lower galactic latitudes (Sanders, Scoville, and Soifer 1990, Tinney et al. 1990). 
CO emission line fluxes were converted into H2 masses assumi ng a standard Galactic 
CO-to-H2 conversion ratio [a=3x 1020 cm-2 (K km s- 1 ) - 1, cf. Scoville and Sanders 
1987)]. T he global H2 masses are shown for these 89 galaxies ( • ) together wit h sim-
ilar data for "normal" galaxies such as t he Milky Way and M51. Virtually all of the 
luminous infrared galaxies are extremely rich in molecular gas with MH
2
=109-6x 1010 
M0, corresponding to 0.4- 20 times the mass of H2 gas in the Milky Way. Figure 2 
also shows a t endency for higher infrared luminosity-to-H2 mass rat ios in galaxies with 
higher infrared luminosities. 
On the basis of their optical morphologies, the galaxies included in the CO survey 
have been differentiated with respect to the possibili ty of a recent galactic interact ion 
(cf. Sanders, Scoville, and Soifer 1990). T he galaxies were placed in one of four possible 
categories: isolated, a disturbed appearance, galactic pairs with non-overlapping disks, 
and advanced mergers. The latter category was distinguished from single galaxies on 
the basis of extended tidal tails or extremely close, double nuclei . In Table 1, the 
mean infrared luminosity-to-molecular mass ratios are given as a function of infrared 
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TABLE 1. Luminosity-to-H2 Mass Ratios 
Lrn/Mu2 (#Gal) 
Morphology 
Isolated 
Disturbed 
Non-overlapping Disks 
Merger Pairs 
6115) 
12 13) 
20 4) 
32 (5) 
L1 R (L0 ) 
1011- 10 12 l- 3x 1012 
22 (11) 
30 (7) 
34 (23) 
75 ( 1) 
74 (7) 
all 
6115l 17 24 
30 12 } 39 (47) 
42 (35) 
L1 R is the infrared luminosity at >-=8-1000 pm and M/h is the H2 mass assuming a 
Galactic CO-to-H2 conversion ratio of 3xl020 cm-2 (I< km s- 1) - 1. The units are 
L0 M0 - l and the number of objects in each group sampled by Sanders, Scoville, and 
Soifer (1990) and Tinney el al. (1990) is given in parenthesis. 
luminosity and interaction classification. T he number of objects contributing in each 
group is given in parenthesis. 
In addition to t he trend for the highest luminosity galaxies to have higher luminos-
ity-to-mass ratios, Table 1 clearly shows that the most intensely interacting system 
have the highest luminosity-to-mass rat ios (at al l luminosities) . Combining the last 
two interaction classes (non-overlapping disks and merger pairs) and averaging over all 
luminosities, the mean luminosity-to-mass ratio is 39 L0 M0- l which is similar to the 
ratio obtained in the most active Galactic GMCs. If the objects above 10 12 L0 arc 
excluded (since they may be partially powered by an AGN), the ratio is 32 L0 M0 -I. 
The global luminosity-to-mass rat io for the Galaxy is ,_,_,4 L0 M0 - l and the mean value 
for a sample of 40 Galactic GM Cs containing giant radio HII regions is 7 L0 M0 - I 
(Scoville and Good 1989) . The highest luminosity-to-mass ratio in any Galact ic GMC 
is 40 L0 M0 -l. If the infrared luminosity is taken to be a measure of the total mass 
of recently formed stars, the luminosity-to-mass ratio will be inversely proportional to 
t he timescale over which interstellar matter is converted into young stars. Assuming 
t hat the initial mass function of the stars producing the luminosity in the infrared 
galaxies is similar to that in the Galaxy, the order of magnitude higher luminosity-to-
mass ratios seen in the strongly interacting systems implies that the cycling ti me for 
t he interstellar medium is approximately 10 t imes shorter than in normal galaxies. The 
normal galaxy cycling time is commonly estimated to be approximately l - 2xl09 years; 
t he interacting starburst systems must therefore have global star formation timescales 
"-'2x108 years . The gas exhaustion timescale wi II generally be a factor "-'2 greater than 
the "cycling time" since a significant fraction of the stellar material is cycled back into 
the interstellar medium by high mass stars on timescales <2x 108 years. [The fraction 
of the stellar mass which is recycled back to the ISM is a function of both time and the 
low mass cutoff for the IMF (see §4).] 
In the sense that the observed luminosity-to- mass ratio is indicative of the rate at 
which interstellar matter is converted into sta rs, the infrared galaxies with high luminos-
ity-to-mass ratios clearly qualify as objects in which global starbursts are taking place. 
The correlation of the luminosity-to-mass ratio with the incidence of significant large-
scale dyanamical perturbations strongly suggests that galactic interactions are probably 
the major (and possibly the only) mechanism for triggering a global star burst. Localized 
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starbursts, for example in spiral arm regions, may, on the other hand, be ini t iated by 
smaller scale dynamical perturbations such as a central bar potential, an active nucleus, 
or the spiral arm potential well. 
2.3. Nuclear Gas Concentrations 
In the Galaxy, it has been suggested that high mass, OB star format ion is t riggered 
by the expansion of HII regions or supernovae (eg. Elmegreen and Lada 1977) or by 
cloud-cloud collisions (Scovi lle, Sanders, and Clemens 1986). Both processes depend on 
the concentration of molecular gas, not merely the total H2 mass. In the former model, 
the rate of stimulation of molecular gas depends on the number of adjacent clouds with in 
t he sphere of influence of the expanding HII region or supernova shells. In the latter 
scenario, the rate of cloud-cloud collisions will depend quadratically on the number 
density of clouds and on their velocity dispersion. Dynamical perturbations (§2.2) 
can concentrate the gas and increase the cloud-cloud velocity dispersion. Localized 
regions with such effects may be found in nearby spiral galaxies. For example, in 
the disk of M51, the arm/interarm contrast in the surface density of molecu lar gas 
is approximately 3- 5, compared with an arm/intcrarm contrast of 10 in Ha, (Vogel, 
Kulkarni, and Scoville 1988). A similar, approximately quadratic dependence, of the 
OB star formation rate on the molecular gas surface density is seen in the centers of 
seven Virgo cluster spiral galaxies studied at high resolution by Canzian (1990). 
Most of the high luminosity infrared galaxies discussed in the preceding section are 
at sufficiently great distances that detailed comparison of t he luminosity and interstel-
lar gas distributions is not possible. On the other hand , it is useful to compare the 
luminosity-to-mass ratios in these galaxies with CO aperture synthesis measurements 
of H2 surface density. In Table 2, the observat ional results are summarized for eighteen 
systems observed with the Owens Valley interferometer (cf. Scoville et al. 1990). The 
spatial resolutions of these maps are 2- 711 , a factor of 10 better than is possible with 
single dish observations. 
The galaxies listed in Table 2 span the luminosi ty range 2x io 10- 3x 1012 L0 (>.=8-
1000 µm) and the masses of molecular gas in the nuclear sources are 109-4xl0 10 Mo 
(assuming the Galactic CO-to- I-I2 conversion factor). All have infrared luminosity-to-
molecular mass ratios significantly exceeding that of the Milky Way ( 4 L0 M0 -I ); t he 
highest (Mrk 231) has a ratio of 200 LGMo - 1. In most cases, the size of the CO 
emitting region is ~ 1 kpc in radius (see Table 2). 
In Figure 3, the luminositf to-H2 mass ratios are shown as a function of the central 
gas surface density (M0 pc- ) for the galaxies listed in Table 2. Only those galaxies 
for which actual size measurements exist (rather than upper limits to the unresolved 
source size) are plotted. Figure 3 clearly shows a correlation between the luminosity-to-
mass ratio and the central gas surface density, suggesting that the high "efficie ncies" of 
energy generation (L1n/MH
2
) are linked to the high gas concentrations. The observed 
correlation is consistent with scenarios for high mass star forma tion via stimulated or 
binary processes (such as cloud-cloud collisions) which occur more rapidly when t he gas 
is concentrated. 
Given the concentrated distribution of the interstellar gas and the high lumi nosity 
energy densities it is unlikely that the molecular gas is arranged in GMCs similar to 
those containing the bulk of the Galactic H2. It is expected that both the density 
and temperature of the molecu lar gas will be elevated and these changes wi ll affect 
the rate of emission of CO line photons per unit mass of molecular hydrogen. One 
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Figure 3. The infrared luminosity-to-molecular mass ratios are shown as a function 
of the central gas surface density in 14 luminous infrared galaxies (Table 2). A general 
correlation is seen with increasing luminosity-to-mass ratios being found in the galaxies 
with higher gas surf ace densities . In computing the luminosity-to-mass ratios, the total 
infrared luminosity was assigned to the nuclear molecular gas concentration since th e 
IRAS data have insufficient resolution to separate out any extended component. For 
NGC 1068, only the far- infrared and molecular gas components associated with the 
spiral arms at 10- 15'' radius are used (cf. Planesas, Scoville, and Myers 1990). 
might therefore suspect that the molecular mass estimates are uncertain. However, 
since the CO-to-1-12 conversion ratio (o) scales approximately as p112/Tx (cf. Scoville 
and Sanders 1987), t he variations in the gas density and temperature have cancelling 
effects on the CO-to-1-!2 conversion ratio. 
2.4. The Role of Galactic Interactions 
Virtually all of the very luminous infrared galaxies show evidence of a significant 
·galactic interaction (cf. Sanders 1990). T he interstellar mat ter can play a central role 
in the dynamics of a galactic interaction since the gas is dissipati ve and hence responds 
irreversibly to the perturbation, sinking toward the center of t he potential well. The 
1-12 masses for the luminous infrared galaxies are large but in most cases, not more 
than would be found in two galaxies such as M51 (MH
2 
""1010 M0 , Scoville and Young 
-
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1983). [Notable exceptions are the highest luminosity systems, VII Zw 31, Arp 220 
and Mrk 231 for which the H2 masses are 2- 5x1010 M0.] In most cases, it is therefore 
plausible that the luminous infrared galaxies result from the merging of two gas-rich 
spiral galaxies and that the disturbed dynamics in the merging system results in dis-
sipation of kinetic energy (and outward transport of angular momentum) in the ISM, 
leading to the deposition of a significant fraction of the original interstellar matter in 
the central region of the system. There binary processes such as cloud-cloud coll isions 
or stimulated star formation can enhance the overall efficiency and rate of conversion 
of interstellar gas into young stars. 
In Table 2, the gas mass fraction (MH
2
f Mdyn) is given for those galaxies in which 
the nuclear mass concentration is resolved and for which the velocity dispersion can 
be estimated from the CO line-widt h. For the six cases where this ratio has been 
evaluated, it is in the range 0.2- 0.9, indicating that the interstellar gas constitutes a 
significant fraction of the total mass in the nucleus. Such high gas mass fractions may 
reflect the inappropriateness of using the Galactic CO-to-H2 conversion factor. On the 
other hand, it is a lso possible that the gas does indeed constitute a large fraction of the 
central mass since numerical simulations of merging galaxies (Hernquist 1989) which 
include a gas component show t hat the gas sinks to t he center of t he merged system 
more readily than the stellar component. This is due to the fact that the gas is much 
more dissipative than the stars. Thus, it might be anticipated that t here will be regions 
with very large gas mass fractions during the evolution of a merging galaxy system. 
3. AN EXAMPLE-ARP 220 
Arp 220 has an infrared luminosity at .A.=8- 1000 µm of l.5x 1012 L0, exceeding that 
in t he visual by nearly 2 orders of magni tude and placing it in t he luminosity regime 
of quasars. Recent single dish measurements show the CO emission extending over a 
velocity range of 900 km s- 1 and the derived H2 mass is 3.5x 1010 M0, approximately 
a factor of 15 greater than that of the Galaxy (Solomon, Radford , and Downes 1990). 
At optical wavelengths, the galaxy appears approximately spherical with a central dust 
lane and tidal tails, both characteristics of galactic merging, extending up to 70 kpc 
away (Sanders et al. 1988). 
In F igure 4, mm interferometric maps at 211 resolut ion (750 pc) are shown from a 
recent Owens Valley study (Scoville et al. 1990). The continuum (mostly dust emis-
sion) and the integrated CO emission are shown in the upper panels as a function of 
displacement coordinates from the cm-wave radio continuum peak (Norris 1988). Both 
the CO and 2.7 mm continuum fluxes peak within 0.511 of the western component of t he 
near infrared nucleus (Graham el al. 1990). In addition to the compact nuclear source, 
an extended CO emission component can be seen in maps made with smaller velocity 
ranges. In the lower panels of Figure 4, the emission is shown for velocity windows 
(D. V=l04 km s-1 ), centered at 5330 and 5642 km s- 1. The low level contours of CO 
emission are clearly extended along a NE-SW direction. The full velocity range of CO 
emission is seen in the central component, while a more li mited velocity range is seen 
in posit ions offset a long the extended component. 
The CO emission can be separated into two components: a core l.4x 1.911 and an 
extended component 7x 1511 (deconvolved sizes) . The former contains 2/3 of t he flux 
detected by the interferometer; the latter contains the remaining 1/3. Comparison of 
the total CO line flux detected in the interferometer maps with that seen in single dish 
measurements made with the IRAM 30 m telescope (Solomon , Radford, and Downes 
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Figure 4. Th e >.=2. 7 mm dust emission and integrated CO emission are shown in the 
upper panels as a function of displacement coordinates from th e centimeter-wave non-
thermal radio peak in Arp 220. In the lower panels, the CO emission al 5278- 5382 and 
5590- 5694 km s-1 arc shown. Th e synthesized beam is 1.9 x 2. 111 (PA =96°, Scoville 
el al. 1990) . 
1990) indicates t hat these two components account for 80% of the total CO emission 
from Arp 220. The highest velocity emission is probably all from the core source. 
For the adopted distance of 77 Mpcg the H2 masses in the core and extended 
compo nents are l.8x 1010 M 0 and 9x 10 M 0 respect ively. T he mean diameter of 
the core component ("" l. 711 ) corresponds to a radius of 315 pc and the H2 density, 
smoothed out over the volume is 2900 cm-3. If we assume t hat t he full range of CO 
velocit ies (6.Vpwz 1= 900 km s- 1) exists within the core source of radius 315 pc, then 
the dynamical mass is 2.5x 1010 M 0 (for a spherical distribution). This dynamical mass 
is almost precisely equal to the total gas mass (H2+He) derived from the CO line Hux 
for the core component. 
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In Figure 4 (lower panels) , a velocity grad ient in both the core and extended compo-
nents may be seen- the lower velocity emission shifted to the Southwest of the nucleus, 
t he higher velocity emission to the Northeast. The direction of this "velocity gradient 
is paralle l to the major axes (PA=52- 63°) of the two CO emission components and 
to the dus t lane seen prominently in optical photographs. Thus, the molecular gas 
has partially relaxed to a disk-like configuration with angular momentum playing a 
significant role in t he gas distribution, probably inhibiting further collapse towards the 
center. The mean gas densi ty (2900 cm-3) derived for the central component from the 
CO measurements is somewhat lower than that (104- 105 cm-3) deduced by Solomon , 
Radford, and Downes (1990) from CS line measurements. 
The -A=2.7 mm continuum flux ('"'-'30 mJy) provides a significant constraint on the 
emission measure of ionized gas and thus the 0 star luminosity in the nucleus of Arp 
220 (Scoville et al. 1990). If the maximum res idual 2.7 mm flux after subtraction of 
the non-thermal and dust components is taken to be ~ 10 mJy and it is assumed 
to be entirely free-free emission, then the upper limit for the emission rate of Lyman 
continuum photons is 7.5x 1054 s- 1. For an 05 star (60 M0, L= 5x 105 L0 ), Q*=4 x 1049 
s- 1 and the ratio of the bolometric luminosity to the ioni zing photon production rate is 
l.3x lo-'13 L0 s+ 1 (Panagia 1973). The total luminosity correspondi ng to the derived 
upper limit to the ioni zi ng photon production rate would therefore be 10 11 L0 for a 
population of 05 stars. Early 0 type sta rs by themselves would thus fail to provide 
the observed far infra red luminosity in Arp 220 by a factor of a t least 15. In the next 
section, we present a series of starburst models in order to evaluate the luminosity, 
mass, and timescale constraints for a population of young stars with a range of masses 
and ages. 
4. STARBURST MODELS 
Constraints for starburst models derived from the observed luminosity, the inferred 
Lyma n continuum production rate, and dynami cal mass limits are most dependent on 
the assumed upper and lower mass cutoffs for the initial mass function (IMF) of the 
stel lar popu lation and t he age of the s tarburst. To evaluate these constraints, we have 
computed starburst models in which the overall rate of star formation was assumed to 
be constant for a period of t he order of 108 years. We feel thi s characteristic timescale 
is most relevant to the global starburst galaxies where the activity is triggered by an 
interaction. For such systems, it is d ifficult to imagine that the starburst could be 
synchronized on a timescale much less than the dynamical time "'2x 108 yr. 
The assumed ini t ial mass function is a modified Miller-Scalo ini t ial mass function 
N (m) ex m- 1.4 
m-2.5 
form :S 1M0 and 
form> 1M0. 
(3a) 
(3b) 
For stellar masses < 10 M0, the ZAMS mass-luminosity relation and main sequence 
lifetime were taken from Renzini and Duzzoni (1986) a nd for m>lO M0, we adopt the 
relations from Maeder, (1987): 
log L = 2.55 log m + 1.27 
log t = -0.963 log m + 8. 186 for m = 10 - 40M0 and ( 4a) 
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log L = l .84log m + 2.42 
log t = - 0.430 log m + 7.34 form> 40M0 ( 4b) 
T he total stellar lifetime including post -main sequence evolution was taken to be 1.2 
times t he main sequence lifetime and the post-main sequence luminosity was assumed 
to be constant. The production rate of Lyman continuum photons by high mass stars 
was adopted from P anagia (1973) with power law fits for each 5 M0 interval for m> lO 
M0 . The amount of material recycled back into the interstellar medium as a result of 
stellar evolution was tracked assuming the remnant stellar masses specified by Rcnzini 
and Buzzoni (1986) and the ratio of the total stellar luminosity to that produced on the 
main sequence was taken from their Figu re 8 which is appropriate to a constant rate 
starburst. The models were evolved with a constant rate of star formation; the lower 
mass cutoff was varied over the range 0.1- 3 M0 and the upper mass cutoff between 
30- 60 M0 . 
4.1. Model R esults 
During the starburst, the total stellar luminosity (main sequence and pos t-main 
sequence) can be described quite accura tely by the analytic ex pression 
L = 1.18 x 101o ....!!!:.!__ ~ _B_ L0 ( ) 
°' ( ) o.37 ( M ) ( t ) 0.61 
1M0 45M0 1 M0 yr- 1 lOByr 
(5) 
where t B is the lifet ime of the starburst and o:=0.23 for m1 < 1 M0 and 0.55 for m1 > l 
M0 . The rate of production of Lyman continuum photons is given by 
°' f3 . 
Q 9 85 1052 ( m1 ) ( m u ) ( M ) -1 
= · x 1M0 45M0 1M0 yr-I s ec 
(6) 
where o:= 0.23 and 0.55 for m1 < l M0 and > 1 M0 and f3=2 .0 and 1.35 fo r mu < 45 
M0 and > 45 M0 respectively. T hus, the ratio of the total luminosity to the ioni zing 
photon production rate is given by 
L 
( ) 
(\' ( t ) 0.67 - 43 mu B - = 1.20 x 10 - - -- L0 sec 
Q 45M0 lQByr 
(7) 
where a:= - 1.64 and - 1.0 for mu < 45 M0 and mu > 45 M0 . Last ly, the rat io of t he 
total luminosity to the mass of st ars in the population is given by 
~* = 123 C~0 ) °' ( 4:0 ) 0.37 c~:yr ) - 0.33 L0 M~/ (8) 
where o:=0.23 and 0.55 for m1 < l M0 and > l M0 respectively. Relations (7) and (8) 
a re accurate to rv20% for burst times in the range 107- 5xl08 years. 
It is readily seen from Equation (5) that t he infrared galaxies with luminosities in 
t he range 1011- 10 12 typically requ ire star format ion rates of 10- 100 M0 yr- 1 for an 
IMF truncated at _l M0 · For an IMF continuing down to 0.1 M0 , the required sta r 
formation rates (M) are 1.7 times larger. Since t he overall mass of interstell ar gas in 
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these galaxies is t~pically 1010 M0 , the duration of the starburst must be generally 
much less than 10 yr. 
For Arp 220 where the emission rate of ionizing photons is limited by an observa-
tional upper limit on the free-free flux (see §3), L/Q>2x 10-44 10 sec. Thus, E~uation 
(7) requires mu < 15 M0 for tB=l08 years or the burst time must exceed 10 years 
for mu=45 M0 ! On this basis, we suspect that significant fractions of the observed 
luminosity originate from both a nuclear starburst and a central non-thermal source. 
In many of the ultraluminous galaxies, the gas mass fraction in the nucleus is large 
(MH
2
/Mny N=0.2-1, see Table 2). Thus, the ratio L/M. must exceed the observed 
ratio Lrn/MH
2 
which is typically 40 1 0 M0 -l · Equation (8) then requi res that the 
upper and lower mass cutoffs for the IMF be comparable with the normalizations given 
in Equation (8) in order to satisfy the dynamical mass constraint. 
We have also computed the mean mass of stars contributing Lyman continuum 
photons as a function of the upper mass cutoff on the IMF. The models yield 
( ) 
0.68 
ffiQ = 31.8 ~
45M0 
(9) 
It is worthwhile noting that for a constant rate starburst , the ionizing photon prod uction 
rate reaches a constant value within timescales rvl07 yr and the spectrum of the UV 
radiation, characterized by mQ, becomes independent of ti me for timescal es >107 yr (cf. 
Equation 9). The characteristic temperature of the stars emit ting the Lyman contin uum 
photons is thus approximately given by 
( ) 
0.68 
TQ '.:::::'. 38000 mMu K. 
45 0 
(10) 
The temperature of 38000 K corresponds to an 07 ZA MS star. The lum inosity weighted 
stellar mass is given by 
( )
0.69 ( t )-0.14 
mL=22.3 ~ -
7 
M0 
45M0 10 
( 11 ) 
Thus, a lthough the initial mass function extends to high masses , the majority of the 
ionizing photons and the luminosity are emitted by considerably lower m ass stars . For 
this reason, one should be very cautious in evaluating the upper m ass cutoff on the 
basis of the observed ionization state (eg. [OII]/ [OIII]) of the gas in terms of a zero-age 
population model. 
Last ly, it is of interest to evaluate that the fraction of the stellar matter put back into 
the ISM as a function of time and t he mass cutoffs. For times <107 yr, t he percentage 
of recycled matter is <5% for all reasonable parameters but increases to 10- 50% for 
a burst of age 108 years and m1=0.1-? M0 . During the starburst , the fr act ion of the 
time-integrated star formation rate (Mt) which is in stars (main sequence, post main 
sequence, and stellar rem nan ts) is given approximately by 
f(t) = 0.77 ( lO~yr )-0.13 c~0 ) Cl' (12) 
where a = -0.05 to -0.08 for mi=0.1 - 3 M0 . After the starburst has stopped, t he 
stclla.r mass fraction falls as 
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f(t) = f(tB) ...!:_ ..!!!:..L ( )
-0.25 ( )-0.14 
tB 1M0 
(13) 
until it reaches assymptotic values corresponding to the mass fraction in stellar remnants 
(f=0.61, 0.32, and 0.12 for m1=0.l, 1, and 3 M0). At 109 years after the start of a 
burst lasting 108 years, the stellar mass fractions are 0.69, 0.44, and 0.12 for m1= 0.l , 
1, and 3 M0 . 
The temporal evol ution of the luminosity for a constant rate burst may be divided 
into three phases. During the burst, the luminosity increases as t0.67 (Equation 5). Im-
mediately after star formation is halted, the luminosity falls precipitously, as (t/t B )-2·1, 
for t=tB -+3tB and then more gradually, as t - 1.2, until all the stars have evolved. 
5. MERGER-INDUCED STARBURSTS 
In §2.2, we showed that t here exists a strong correlation between the starburst-
infrared galaxies (ie. those with Lrn/MH
2 
significantly higher than normal galaxies) 
and the occurrence of a recent galactic interaction . Virtually all of the strong global 
starbursts occur in such systems. The progenitors of such interacting starburst systems 
must have been normal optical galaxies represented in the optical galaxy luminosity 
function. To first order, one expects that the mass of the interstellar medium in the 
merging starburst galaxies is approximately the sum of those in the two progen itor 
galax ies · and si nce significant dynamical perturbations are required to initiate a global 
starburst, comparable mass galaxies must be the progen itors . Based on these two sim-
plified assumptions, we reason that the systems with infra red luminosity-to-molecu lar 
mass ratios enhan ced by an order of magnitude might have originated from the interac-
tion of two galaxies in the optical luminosity function each a factor .....,20 lower in optical 
lu minosity. The power law fall-off in the infrared luminosity function (which exceeds 
the optical luminosity function above 3x 10 11 L0 ) may then be naturally understood 
since the highest luminosity infrared galaxies had optical galaxies with approximately 
20 times lower luminosity as progenitors. At t he very highest infrared luminosities 
(L1 R >10
12 L0 ), a significant fraction of the lu minosity may also be contributed by a n 
embedded active galactic nucleus (eg. Arp 220 and Mrk 231), rather than you ng stars. 
5.1. The Frequency of Galactic Interactions 
In Table 3, the space densities of optical galaxies, infrared galaxies, and interacting 
infrared galaxies are compared. The fraction of infrared galaxies which are interact-
ing (adjacent pairs or merger remnants) is a strongly increasing function of luminosity, 
suggesting that the infrared active phase for the highest luminosity galaxies is com-
parable to the timescale for galactic merging (roYN .....,2xl08 years) . If we compare 
the number density of interacting galaxies at Lrn=l010- 1012 L0 with that of optical 
galaxies in a luminosity range displaced a factor of 20 lower, the number density ratio 
is io-3 (integrating Equations 1 and 2 over the appropriate ranges). Since presumably 
the progenitors must be gas-rich , it is probably most appropriate to compare the IR 
galaxy density with that of optical spiral galaxies. We then obtain .....,2x 10-3 for the 
number density rat io. Since the duration of the infrared- starburst phase is probably 
approximately equal to the dynamical time ("'2xl08 years) a nd two galaxies must take 
part in the interaction, the present-day frequency of interaction-induced starbursts must 
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TABLE 3. Optical and IR Galaxy Luminosities and Space Densities 
Interating IR Gal. 
LsoL No PT £opr Nrn £rn fract . Lint 
(L0) (Mpc-3) (L0Mpc-3) (Mpc-3) (L0Mpc-3) (L0 Mpc-3) 
108-109 2.1x10-1 7.3xl07 3.8xl0-2 l.lxl07 0 
109- 1010 I.O x 10-l 3.5x 108 9.5x 10- 3 2.9x 107 ,....., 0.05 1.5x106 
1010_10 11 2.4x 10-2 5.4x 108 l.8x 10-3 3.9xl07 0.1 3.9xl06 
1011_1012 l.2x 10-4 l.5x 107 2.0x 10- 5 3.3x 106 0.5 l. 7x 106 
1012_1013 9.8xl0-3 l.7x 105 1 l. 7x 105 
108- 10 13 3.4x 10- 1 9.8x 108 4.9x10-2 8.2x 107 5.7xl06 
Volume densities of optical and infrared galaxies obtained by integrating Equations (1) 
and (2). Column (6) lists the fraction of infrared galaxies classified as interacting. 
be such that approximately 2% of the spiral galaxies would have passed through this 
phase in the last 109 years. Including the effects of cosmological evolution on galaxy 
interaction rates, we conclude that virtually all galaxies should have undergone such an 
interaction in the last 1010 years (ie. z'.'.:::'. l ). Merger-induced starbursts must therefore 
be a significant factor in the past evolution of spiral galaxies, rejuvenating the stellar 
population and rearranging the galactic distribution of interstellar matter. Understand-
ing how present day spirals have such cold and radially extended disks is an important 
theoretical issue. 
5.2. The Infrared Starburst Luminosity Function 
In order to test more explicitly the hypothesis that collision-induced global star-
bursts might account for the high luminosity tail on the infrared galaxy luminosity 
function, we have undertaken a Monte Carlo simulation. We assume that the progen-
itor galaxies are represented in the optical luminosity function and that in order to 
induce a global starburst, comparable mass galaxies must be involved. The luminosity 
of the merger product is then elevated by approximately a factor of 10 compared to the 
sum of the luminosities of the two progenitor galaxies. Thus, the rate of production of 
infrared galaxies with luminosity, LI R• is given by 
(14) 
where N0 is given by Equation (1), and we have implicitly assumed, for simplicity, 
that vari at ions in the galaxy-galaxy collision cross-sections and their relati ve velocities 
are insignificant compared to variations in the space density of galaxies as a function 
of luminosity. The duration of the elevated infrared-luminosity phase following an 
interact ion was taken from the luminosity evolution found for the constant rate starburst 
models in §4. Specifically, we adopt 
(
b.t) 0.67 
Lrn = 30 ts Lo b.t <ts 
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Figure 5. The infrared luminosity function (•) resulting from merger-induced star-
bursts resulting from the Monte Carlo simulation described in the text. The derived 
distribution of galaxies per logarithmic luminosity interval may be represented by a 2-
parl power law (L-0·25 and L-2) with a break approximately L=3x 1010 L 0 , in good 
agreement with the observed infrared luminosity Junction. 
= 30 ( ~:) -
2
.
1 
L0 
= 3 ( 6.t )-1.2 Lo 
3t8 
t 8 < 6.t < 3t8 (15) 
6.t > 3t B 
where 6.t is the elapsed time since the galactic collision, t U is the duration of t he 
constant rate star burst (taken to vary randomly between 10 and 3x108 years) , and 
L0 is the luminosity of the progenitor optical galaxies. The time steps were taken to 
be 6.t= 2X 107 years a nd at 6.t>109 years, the galaxies were removed from the infrared 
luminosity function. 
In Figure 5, the distribution function for infrared merger galaxies is shown from a 
simulation in which optical galaxies were sampled over the range 109-1011 L 0 . The 
derived distribution exhibits a 2-part power law spectrum with the number of galaxies 
(per logarithmic interval in luminosity) varying as L[°l25 at low luminosities and as 
L /~ at higher luminosities. Given the simplistic and uniform prescription used to 
characterize t he starburst activity, the agreement with the observed luminosity function 
(Figure 1) is impressive. In particular, the slope of the power law on the high luminosity 
tail a nd the presence of t he break at 1010-1011 L 0 are reproduced quite well. In this 
model, the high luminosity tail arises from merging of optical galaxies at L ~ 1*0 (cf. 
Equation 1). The merger product for these galaxies is elevated in luminosity by a factor 
,-..., lQ , based on the observed rat io L1 n/MH
2
• 
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In the context of the collision induced starburst scenario, the simulation described 
above may be used to predict systematic variations as a function of LI R· For example, 
the very highest luminosity infrared galaxies should originate from mergi ng of optical 
galaxies near the break in the Schecter function. In addition, since the starburst lumi-
nosity rises as t0·67 during the burst, one would expect a high percentage of the most 
luminous IR galaxies to be aging, but still active starbursts. Such galaxies would have 
relatively high ratios for L/Q (see Equation 7) as found for Arp 220 (§3). 
6. SUMMARY 
We briefly summarize the results of infrared, optical, and molecular observations 
for high luminosity galaxies undergoing global starbursts: 
1) The most noteworthy feature of the infrared galaxy luminosity funct ion is the power 
law tail extending to L"'l0 12 L0 . At the highest luminosities, the local space density 
of infrared galaxies significantly exceeds those of optical galaxies and quasars. 
2) Extensive surveys of CO emission from the infrared galaxies have shown ext raor-
dinarily large abundances of molecular gas with H2 masses 1-20 times t hat of the 
Milky Way. 
3) The ratio L1 n/MH,, commonly taken as an indicator of the star formation efficiency, 
is typically 20- 60 L0 M0 -l in the luminous infrared galaxies. Interpreting this ratio 
as a signature of global starburst activity, we conclude that the overall st ar format ion 
efficiencies in these galaxies are enhanced by an order of magnitude compared to 
normal spiral galaxies. 
4) High resolution aperture synthesis measurements of the CO emission generally show 
a subst antial fract ion of the total ISM concentrated within the central ,...., 1 kpc. 
Peak ISM surface densities reach 7xl04 M0 pc-2 (eg. Arp 220) and the gas mass 
fractions are 0.5- 1. 
5) Optical and near infrared images of the ultraluminous infrared galaxies reveal that 
virtually all are interacting/merging galaxy systems. Thus, the global starbursts 
are apparently initiated by galactic merging and the duration of the starb urst must 
be comparable with the dynamical times (1- 2x 108 years). 
6) Starburst models with a standard IMF can account for the observed luminosi t ies 
with star formation rates of 10- 100 M0 yr- 1 for bursts ex tending over "' 108 years. 
The total mass of young stars would then be ,(, 109 1\11 0 . 
7) The high luminosity power law and the break at L1 R=3- 5x10 IO L0 seen in the 
infrared galaxy luminosity function may be accounted for by global starbursts re-
sult ing from the merging of optical galaxies with comparable masses, sampled from 
the optical galaxy luminosity function. 
8) The statistics of infrared interacting galaxies indicate that the percent age of galaxies 
undergoing merger-induced starbursts is approximately 2% every 109 years and 
,....,100% at z=l. 
It is a pleasure to thank our close collaborators in this work (C. Norman , D. Sanders, 
and A. Sargent) and Leona Kershaw's assistance in preparation of th is contribution. 
This research was supported in part by NSF Grant AST 87-14405 and some of the ideas 
were developed while one of us (NS) was at the Aspen Institute for Physics. Some of 
the analysis presented in this contribution is to be contained in an article by the authors 
for The Astrophysical Journal. 
H2 and Infrared in Global Starburst Galaxies 251 
REFERENCES 
Canzian, B., 1990 , Ph. D. Thesis, California Institute of Technology. 
Chiosi, C. and Maeder, A. 1986, Ann. Rev. Astr. Ap. , 24, 329. 
Elmegreen, B. G. and Lada, C. J. , 1977, Ap. J ., 214 , 725. 
Felten, J .E. 1976, A. J., 82, 861. 
Gra ham, J . R., Carico, D. P., Matthews, I<., Neugebauer, G., Soifer, B. T ., a nd Wilson, 
T . D. , 1990, Ap. J. (Letters), 354, L5. 
Ilernquist, L. , 1989, Nature, 340, 687. 
Huchra, J. , 1977 , Ap. J. Suppl., 35 , 171. 
.Joseph, R. D., Wright, G. S., and Wade, R., 1984, Nature, 311 , 132. 
Lawrence, A., Walker, D., Rowan-Robinson, M. , Leech , K. J. , and Penston, M. V. , 1986, 
M.N.R.;1 .S., 219, 687. 
Maeder, A. , 1987, Asfr. Ap., 173, 247. 
Norman, C. A. a nd Scoville, N. Z. 1988, Ap. J., 332, 124. 
Norris, R. P. 1988, M.N.R .A.S. , 230, 345. 
Panagia, N. 1973, A. J. , 78, 929. 
Planesas, P., Mirabel, I. F. , and Sanders, D. B., 1990, Ap. J ., in press. 
Planesas, P. , Scoville, N. Z., and Myers, S. T., 1990, Ap. J. , (submitted). 
Renzini, A. and Buzzoni , A. 1986, in Spectral Evohttion of Galaxies, ed. C. Chiosi and 
A. Renzin i (Dordrecht: Reidel), p. 195. 
Rieke, G. H. and Lebofsky, M. 1986, Ap. J. , 304, 326. 
Sanders, D. B. 1990, !AU Symposium No . 146 "Dynamics of Galaxies and Molecular 
Clouds Distribution", ed . F. Combes (Dordrecht: Kluwer). 
Sanders, D. 13. , Scoville, N. Z., and Soifer, B. T. 1990, Ap. J., in press. 
Sanders, D. B. , Scoville, N. Z., Sargent, A. I., and Soifer , B. T. 1988, Ap. J. (Letters}, 
324, L55. 
Sand ers, D. B., Scoville, N. Z., Young, .] . S., Soifer, B. T., Schloerb , F . P. , Rice, W. L. , 
and Danielson, G. E. , 1986, Ap. J. (Letters) , 305, L4 5. 
Sanders, D. B. , Soifer, B. T. , Elias, J . H. , Madore, 13. F., Matthews, K. , Neugebauer, 
G. , and Scoville, N. Z. , 1988, Ap. J., 325, 74. 
Sa rgent, A. I. and Scoville, N. Z., 1990, (in preparation). 
Schechter, P. 1976, Ap. J. , 203, 297. 
Schmidt, M. and Green, R. 1983, Ap. J., 269, 352. 
Scoville, N. Z. and Good, J. C. 1989, Ap. J., 339, 149. 
Scov ille, N. Z. and Sanders, D. B. 1987, in Interstellar Processes, ed . D. J. Hollenbach 
and H. A. Thronson (Dordrecht: Re idel) , p. 21. 
Scov ille, N. Z. and Young , J. S. 1983, Ap. J ., 265, 148. 
Scoville, N. Z., Sanders, D. B., and Clemens, D. P. 1986, Ap. J. (Letters), 310, L77. 
Scoville, N. Z. , Sanders, D. B. , Sargent, A. I. , Soifer, B. T., and Tinney, C. G., 1989, 
Ap. J. (Letters), 345, L25. 
Scov ille, N. Z., Sargent, A. I. , Sanders, D. B. and Soifer, B. T., 1990, Ap. J. (Letters}, 
111 press . 
Smi th , B. J ., Kleinmann, S. G. , Huchra, J .P. , and Low, F. J . 1987 , in Star Formation 
in Galaxies, eel. C. J. Persson (Washington, DC: US Government Print ing Office), 
111 press. 
Soi fer, 13. T., Boehmer, L. , Neugebauer, G. , and Sanders, D. B. , 1989, A. J. , 98, 766. 
252 Nick S coville and B. T. Soifer 
Soife r, B. T ., Helou , G. , Lonsdale, C . J. , Neugebauer , G., Hacking, G ., Houck, J. R ., 
Low, F. J ., Ri ce, W ., and Rowan-Robinson, M. 1984, Ap. J. (Letters) , 283, LI. 
Soife r, B. T., Sanders, D. B. , Madore , B. F. , Neugebauer, G., Danielson , G. E., Elias, 
J . II., Lonsdale, C. J., and Rice, W. L., 1987, Ap. J. , 320, 238. 
Solomon, P. M., Radford, S. J. E., and Downes, D. , 1990, Ap. J. (Letters), 348, L53 . 
Stanford , S. A., Sargent , A. I. , Sanders, D. B. , and Scoville, N. Z. , 1990, Ap. J., 349, 
492. 
Tinney, C. G., Scoville, N. Z. , Sanders, D. B., and Soifer, B. T. 1990, Ap. J. , in press. 
Vogel, S. N. , Kulkarni , S., and Scoville, N. Z. 1988, Nature, 334, 402. 
Wang, Z., Scoville, N. Z., and Sanders, D. B. 1990, Ap. J., (submitted) . 
Yahil, A., Strauss, M. A., Davis, M. , and Huchra, J. P. 1990, Ap. J., (submitted) . 
Young, J. S., Claussen , M. J., and Scoville, N. Z. 1988, Ap. J. , 324, 115. 
Young, J. S., Claussen , M. J., Kleinmann , S. G., Rubin , V. C. , and Scoville, N. Z., 1988, 
Ap. J. (Letters), 331 , L81. 
DISCUSSION 
C. Lonsdale: I assume you 've used the standard CO to I-I II conversion ratio from 
the Milky Way, yet the cond itions in these nucleii a re presumably qu ite different with 
higher gas temperatures and higher densities. My on ly uncertainty is on your derived 
l-I2 masses. 
Scoville: Well , obviously, the masses can' t be mu ch higher than they appear to be, 
because they would viola te the dynamical mass constraints. But there are, well , for 
t hose who aren' t famili ar with the whole issue, basically the conversion be tween CO line 
Oux and H2 mass should vary as the temperature of the gas d ivided by the square root 
of the mean density wi thin t he clouds . And so there a re two issues; one is, as Carol's 
pointed out , the clouds are very likely to be much hotter. The standard GM C in a 
d isk in our galaxy might be 10 K kine tic temperature. B ased upon the infra red color 
temperatures of the dust in these gal actic nucleii, they are typ ically 40 or 50 K, so the 
gas temperature might be, say, 5 times higher on the mean than t he gas temperature 
in standard GM C on which this con version factor is based. T he other problem , though, 
is that the mean density of the clouds is probably higher. The standa rd GM C in whi ch 
t he con version factor is derived has a de nsity of about 200 cm- 3, that is their smoot hed 
out density within t he cloud . And I've already showed t hat in the case of Arp 220 , t he 
mea n smoothed-out density is a ,.._, 2 x 103 cm-3. And I don 't really know how to 
balance those factors . My feeling is that they tend to be somewhat self-compensating. 
There' s one independent method of deriving the gas masses, and that's based upon th e 
dust continuum emission. Some people a re happy about that, some aren't. I saw some 
wincing. In that case, the proble m is that you 're looking at long wavelengt hs in order to 
t ry to pick up even the cold dust , say, a t 1 mm. One problem which arises, of course, is 
you don' t really know wh at the emissiv ity law is in the far infra red , but tha t situa tion 
\\'i ll probably be remedied. But you a lso reall y don't know what the opacity is per unit 
111ass of gas and dust. And the people who've done t he dust measurements, let 's say at 
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mm, have tended to end up with higher mass estimates than is derived by CO, but 
my feeling is that they're unreasonably high because they violate the dynamical mass 
constraints. So, I'm sure that ours are correct to 5%. 
T. Heckman: It seemed to me you were halfway to the answer to a really interesting 
question. In fact ... 
Scoville: Maybe you can fini sh it then ... 
T. Heckman: ... a most interesting question about starbursts, and that is, over the 
history of the universe, what fraction of the massive stars have ever formed, formed 
during a starburst as opposed to just sort of normal processes, say, in spiral density 
ways. 
Scoville: OK, I was going to start to answer your question by saying that I actually 
think that essentially all high mass star formation may occur in this either collisional 
or stimulated mode, and in a sense, I consider that to be a starburst. On the other 
hand, if you say that, half or maybe all galaxies have undergone a severe interaction or 
have had a steep bar potential at one point in their past, and therefore had a nuclear 
starburst. I don't know the answer to the question. 
C. Norman: I think that this is just a paradigm for virtually galaxy formation, 
exactly the process that's going on, so my answer to your question is nearly all the 
stars are formed in this way- massive stars. 
Scoville: Well, but wait. How do you know that. (Laughter) 
C. Norman: It's an ex cathedra statement. 
Scoville: I mean that 's my belief too, but .... In some nearby galaxies, in particular 
M33, Chris Wilson, who's a student also at Cal Tech , has been measuring individual 
molecular clouds and does find a ratio of CO estimated mass versus virial mass for 
those clouds that you can actually map at high resolution, which is consistent with the 
galactic rat io, but that 's not the kind of environment you've been talking about . 
J. Bland Hawthorn: On the issue of the triggering mechani sm, you were raising 
the issue of NGC 1068. In t he kinematics you see clear el li ptical streaming in the 
Fabry-Perot data . It's very clear indeed and it 's been quite well modeled. Now, to 
make the comparison with Arp 220 , it 's quite easy to show that in a disk system with 
or without halos when you start to merge or collide these systems, you set up elliptic 
streaming, very effectively indeed in the central regions at least . So I think the triggering 
mechanism in all cases may be just this point of ell iptic streaming and this Harwitt 
idea of colliding pancakes of gas to tr igger star formation may not be the correct one. 
Scoville: No, I don't think that 's the correct one. Harwitt's idea in fact was that 
you take the gross kinetic energy of the galactic collision and convert it direct ly into 
luminosity. And I think that the t ime scale that that can produce the luminosity is a 
few 105 years and it 's clear that t hi s phenomena's going on longer because you see t hese 
dynamical interactions take longer than that to actually occur. One thing I didn't quite 
point out as you ' re probably aware- sometimes one forgets to say the obvious- I was 
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trying to actually build an evolutionary path here, and I would picture something li ke 
the antennae system as being fairly early in the overall evolution of a merger, Arp 220 
being quite advanced, but having not really shed its gas. Something like 1068 might be 
a more evolved system, where the material in the inner disk, is perhaps a result of a past 
interaction that formed a strong bar in the center of the disk of the galaxy. Obviously 
bars and interactions can be related. But NGC 1068 obviously has a well-developed 
non-thermal central source and I think it's not obviously equivalent to say Arp 220. I 
didn't mean to imply that and, in fact, the triggering of present day star formation in 
NGC 1068 may not be the same as in Arp 220. In Arp 220 it may be just sort of random 
motions of clouds colliding. It looks like a sufficiently disordered system, I wouldn't 
want to say that there is elliptical streaming in Arp 220, but in 1068 that may well be 
the case. 
J. Bland Hawthorn: The kinematics are very well-behaved, streaming is ... 
Scoville: Well I think kinematics of the stars may be well-behaved, but the gas bei ng 
fairly disordered I don't think it's going to have nice stream lines . I mean there's going 
to be shock fronts all through the system. 
J. Bland Hawthorn: But those are only in two locii. 
Scoville: Yes. 
P. Stockman: You pointed out several times during the tal k that in the IRAS sources 
they had greater amount of H2 mass than typical galaxies, than other galaxies in the 
Schechter luminosity function. So that would suggest that unless, in fact, you create 
H2 gas during this collision, which you started th is talk by saying you didn't think that 
was true ... 
Scoville: Yes. 
P. Stockman: ... that some of the things that made an IRAS source are what the 
galaxies bring with them into the merger or interaction versus something that occurs 
in the interaction, in which case in a sense the IRAS sources are, you ' re selecting 
interacting systems in which the two galaxies are bringing an unusual amount of H2 
mass with them. 
Scoville: Yeah, I th ink that's true to some extent . I think what you' re saying is 
a good point, and I should have made it. Basically, the IRAS galaxies have to be 
galaxies which, in view of the fact that there's a higher luminos ity to mass ratio, the 
galaxies which came from clown here in , say, the optical luminosity fu nction and got 
pushed up in luminosity. And so, one of the problems in, say, comparing t he space 
density of infrared galaxies with optical galaxies is, I mean it's intuitively clear to me 
and obviously to you that one shouldn't really be comparing quite the same luminosity 
ranges. It's just very hard to know quite what you should do. I mean, how far clown in 
the optical luminosity function you should be comparing the space density. 
P. Stockman: That is, that if you're promoting low luminosity optical sou rces ... 
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Scoville: Well, these low luminosity optical sources may have a substantial H2 mass. 
It may not be very active in terms of producing luminosity. But the real way the 
problem should be attacked, I think, is to take the H2 mass as the indicator of what the 
galaxy's intrinsically like, and if somebody had the equivalent luminosity function or 
mass function for H2 or interstellar gas content, then you could say go down to the same 
overall gas content in both the infrared active and nonactive galaxies and compare the 
two. But, I mean that's an approach which maybe could be tried. I'm not really- Judy 
Young and Nick Devereux have a large survey. Maybe they could do it. 
G. Rieke: With regard to the active nucleus vs. starburst heating in ultraluminous 
galaxies, it seems to me there's a limit from the fact that the ultraluminous galaxies 
are not bright x-ray sources, as you might expect from the Type I Seyfert spectra. Can 
you comment on what that limit would be? 
Scoville: Quick answer-No. There was a paper actually, which of course you wrote, 
which I think was comparing the x-ray flux from a sample of active galaxies with the 
x-ray flux from IRAS galaxies. I'm not that familiar with the paper but I got the 
impression that the x-ray active galaxies were picked from an x-ray selected sample, so 
there might be some uncertainty. The other thing is, at least in the case of Arp 220 the 
column densities are pretty huge, but if you can see it in the near infrared, you have to 
be able to see it in the x-ray. I can't answer your question, George. 
G . Rieke: ... not x-ray active. It seems to me it pushes you toward saying that 
starbursts are probably responsible for a lot of luminosity in those galaxies. 
Scoville: That's a good point. 
S . Lamb: I just wanted to return to a point that was beginning to be made earlier. 
You talked about the actual dynamical triggering of the starbursts and I wanted to just 
mention that, of course, the galaxies wi ll actually pass through one another, perhaps 
several times before this merger takes place. 
Scoville: The stars wi ll ... 
S . Lamb: Yes. The stars of the whole. And that, in fact, one doesn't anticipate all 
of the gas to get left behind the very first time they pass by one another. So you might 
expect to see a series of starbursts leading up to some kind of final starburst perhaps , 
or in fact the very first passa.ge through might produce the very largest effect on star 
formation. So that when one's comparing observations and theory, one shou ld bear this 
in mind. 
Scoville: My feeling would be that, you know, if you have two galaxies which pass 
through each other, most of the masses in the star systems and the gas which doesn't 
collide will continue on and I would have thought that the next near passage of those 
two galaxies would be many 108 years in the future. So that you'd end up basically the 
first starburst would have died away long before you see the second one, but that's just 
my intuition. 
S. Lamb: It just depends on the particular .. . 
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Scoville: But I'm not aware of any evidence for that, but my feeling is t he evidence 
would be wiped out. 
I. Mirabel: I wanted to comment on the previous question: 4 x 1010 solar masses in 
a molecular cloud of molecular gas is unreasonable. No. If the origina l galaxies that 
are colliding are giant spiral galaxies, we know from HI observations t hat there are 
several giant spiral galaxies with 3 x 1010 M0 in atomic gas. Therefore, if you have as 
a consequence of the merging of two giant spiral galaxies at high efficiency of formation 
of molecular gas from the atomic gas, because of the high densities that you are gett ing, 
it is very reasonable the numbers that Nick mentioned. You can get 6 x 1010 M0 of 
molecular gas out of the collision of two giant spiral galaxies. So, my conclusion is that 
they must be giant spiral galaxies. It 's very difficult to explain these la rge amounts of 
interstellar gas in that way. Other way to confirm that these numbers might not be 
very much off, is that in Arp 220 we get 1022 atoms cm-2 in absorption when we look 
in HI. That means that the column density of HI is tremendous. We know that there 
is a lot of cool HI in this galaxy that we know is always associated with the formation 
of molecular clouds. The last comment I want to make that has not been ment ioned, 
is that a way to probe the kinematics of the molecular gas, the very high resolution 
in space and velocity is with megamasers. More than 90% of these galaxies are OH 
megamasers and we can probe the kinematics of t he inner region wit h ground-based 
interferometry. 
Scoville: Good point . I think what you're suggesting is that the gas content whi ch is 
generally much more distributed and being HI but that's been compressed and brough t 
into the inner disk of the galaxy. 
G . Miley: Nick, the picture you showed of NGC1 068, the bar, am I right in saying 
that it's in the same direction as the radio? 
Scoville: Yes. 
G. Miley: So one person's bar is another person's jet. And I'm asking you, doesn' t 
this ... 
Scoville: Yes, but just think. The nearest reel bar is longer than the rad iojet. T he 
racliojet extends out about half the radius of the ... 
G. Miley: But the fact that it 's in the same direction I think implies t hat it's not 
just a bar phenomena. And I'm say ing that maybe this is more evidence that there's a 
connection between star formation and radiojets. 
Scoville: Yeah. Well, maybe Andrew Wilson may have something ... 
A . Wilson: I was just going to comment that I don 't think that it really implies that 
the bar has anything to do with the racliojet directly. I think you can have a situation 
in which the bar forms a gas disk with its axis along the bar in t he inner nucleus and 
it's the gas disk which collimates the racliojet. So there's an indirect relation. 
J. Young: Also, with reference to Pete Stockman 's question, I think there may be two 
processes going on that lead to the high I-I2 masses and the ultralumi nous galaxies and 
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one is, that there are plenty of galaxies, NCC 7479 is an example, a spiral relatively 
cool disk, with star formation extended over t he whole galaxy, and 2 x 10 10 M0 of 
gas. It 's like the Milky Way in its star formation efficiency now, but if two of those 
galaxies collided, you'd have enough gas to make the Arp 220 and the concentration 
in the middle could easily lead to the high efficiency. But we also see in those, not 
necessarily in the most ultraluminous sample, but in sort of the more intermediate 
luminosity sample, that the molecular to atomic gas ratio is higher in the interact ing 
galaxies than it is in Scs so there may also be the enhanced conversion of atomic to 
molecular gas that 's leading to the higher molecular masses, although it could a lso be 
the removal of HI that's leading to that result. 
Scoville: The issue is I think that there basically don't appear to be many galaxies 
down in this area of the diagram which could jump up into t his area, but these galaxies 
are selected on the basis of far infrared luminosity or some optical criteria, but Young 
and Devereaux do have a survey which is in some sense distance limited; presumably, 
one could derive a mass function for t he normal galaxies. 
J . Young: We actually have more galaxies along your lower line there that go up to 
1010 M 0 of gas at low efficiency. 
